Manufacturing processes may introduce a significant variability on the magnetic properties of claw pole generator stators. The present work deals with the analysis of two groups of stator samples. The first group is composed of 28 slinky stators (SS) and the second group is composed of 5 stators, manufactured using laser cut stacked laminations (SL). Both groups are made from the same lamination grade and with the same geometrical dimensions. Characterization was carried out for several levels of excitation field at 50 Hz. A noticeable variability has been observed on the iron losses for SS samples, whereas it appears to be not significant for SL samples. The loss separation technique has then been investigated for the SS samples. Results show that the variability of static losses is more important than the one of dynamic losses.
I. INTRODUCTION
T HE manufacturing of electrical machines magnetic parts, from the cutting of laminations till the final magnetic core, requires several industrial processes. These can be more or less complex and may have an impact on the magnetic properties of the considered material, especially in terms of iron losses. Several works have been focused on the study of the influence on magnetic properties when different cutting and assembly techniques are used.
On the one hand, some works have been concerned by the study of cutting techniques such as guillotine [1] , punching [2] , [3] and laser [4] . The presented results showed that the magnetic properties of laminations are very sensitive to the cutting techniques. When comparing these techniques (guillotine, laser, punching) in terms of iron losses, differences from 10% to 20% are observed for 1.5 T at 60 Hz. The results presented in [2] show that the punching technique presents 20% to 30% of additional iron losses (when the material is not annealed), compared with those of a reference annealed sample. In [3] , the variation of the static and dynamic components of the magnetic losses is studied more in detail for the punching technique, from observations on 4 wounded samples. The most important disparities have been observed in the static losses component, due to the deterioration of the magnetic structure of the material, whereas the change observed on the dynamic components is not significant.
On the other hand, the influences of sticking and welding processes are presented in [5] . A relative increase of specific losses after welding was observed in the whole range of the magnetic polarization, depending on the number of welding passes and grade of the non-oriented electrical steel. losses is up to 10% when comparing extreme configurations (highest and lowest number of welding passes). In comparison, the increase of the specific core loss after sticking is very low. The work presented in [6] investigates the influence of laser cutting, compared with the guillotine technique, for 15 mm width strip samples. An increase of iron losses from 10 to 30% was observed for the laser cut sample (compared to the sample obtained from guillotine cutting) for low and average induction levels. This impact is mainly due to the small width of the sample (the impacted region is non negligible regarding to the whole sample). Nevertheless, the laser cutting technique can have less impact on the iron losses if done carefully.
On the other hand, the influence of the cutting technique by punching on the iron losses can be reduced with a stress relief annealing of the cut or punched components.
According to these different results, studies related to the quantification of the influence of various manufacturing processes may vary with the experimental approach and the considered material. Therefore, it can not be considered suitable for an immediate use by electrical machine designers. The development of models that take account for these uncertainties is still relevant.
The present work is based on a statistical approach. It consists in quantifying the uncertainties of iron losses in the yoke of several stator samples used in claw-pole alternators. The first group consists of 5 stators made of stacked laminations (SL), and the second group is composed of 28 slinky stators (SS) (these are manufactured from a single strip of steel that is edge wound into a spiral). The influence of the manufacturing processes on the iron losses will be taken into account in a global way, including the pressing, welding, cutting and bending (for SS samples) processes. Loss separation will then be investigated in order to compare the static and dynamic components for both groups.
II. EXPERIMENTAL PROTOCOL-VARIABILITY
Both stator groups have the same geometry and are made from the same standard grade laminations M800-50 A. They only differ in their manufacturing process: stacked laminations 0018-9464/$31.00 © 2012 IEEE (SL group) and slinky stators (SS group). SL group manufacturing process consists in laser cutting in one piece the entire section of the core. The laser cutting was achieved carefully in order to avoid impact on magnetic properties. The SS group manufacturing process, on the other hand, consists on manufacturing the core from a long iron band, and by punching progressively the slots. The band is then rolled up in a spiral way and welded on its outer perimeter. This method is used to reduce significantly the material waste. It requires special manufacturing techniques and production machines [7] . Note that all SS samples are issued from same batch and puncher.
The main purpose of the experiment is to quantify the variability of the iron losses of the stator sample's yokes for both groups. To this end, primary and secondary windings have been realized along their yoke, as for the magnetic characterization of a toroidal sample: each stator sample has an excitation winding that creates a magnetic flux in the yoke along its perimeter, and a secondary winding is added to measure the magnetic flux density (Fig. 1) .
The experimental characterization is carried out under sinusoidal magnetic flux density and the quantity of interest are the iron losses [W/kg], which are determined from the calculation of area of the measured B(H) hysteresis loop. The variability has been quantified using descriptive statistics, and by calculating the Coefficient of Variation (Cv), which is given by: (1) where is the empirical mean of the measured characteristics, and the empirical standard deviation (SD), for each considered level.
A. Preliminary Analysis
In order to verify that the variability of the iron losses are mainly related to the variability of the magnetic property of the material and not to the repeatability of measurements, winding process and geometrical dimensions (which are uncertain due to the tolerances of fabrication), some preliminary investigations have been done.
Thirty repetitive measurements have then been carried out on one sample and for several maximum excitation fields, to investigate noise measurement. Results then give Cv less than 1%, for all the considered levels are, which mean that uncertainty related to measurement can be considered as negligible. Influence of the manual winding has also been investigated by winding and re winding one sample 5 times. Results showed a Cv less than 0.5%, which mean also that uncertainty introduced by manual winding is not significant. Moreover, the nominal cross section area of the yoke (according to the manufacturer datasheet) has been used for the calculation of the magnetic flux density. Nevertheless, geometrical tolerances are defined for the manufacturing. To investigate the influence related to these mechanical tolerances, the magnetic flux density, obtained from the nominal section, is recalculated using a uniformly distributed cross-section area inside the upper and lower tolerance values. For a given sample, the Cv of iron losses, corresponding to the uniformly distributed cross sections, is less than 1.17%.
According to this result, influence introduced by considering the nominal cross section of the yoke during the characterization is not significant. Therefore, and for each sample, the nominal section has been considered. Then, if a significant variability is identified among the stators samples, this can be linked directly to the degradation of the magnetic properties due to manufacturing processes.
B. Iron Losses Variability
Both groups have been characterized for 14 levels of at a frequency of 50 Hz. The iron losses for each sample of the SS group are reported in Fig. 2 . As it is shown in this figure, variability of SS group iron losses is significant. The maximum disparity for two extreme stators is between 22% and 26%, depending on the level. The Cv has then been calculated for all level and reported in Fig. 4 . Calculated Cv is between 6.35% and 7.74%. According to the preliminary analysis above, the measured variability of the iron losses is greater than the variability introduced by the measurement noise, the fabrication tolerances and the manual winding. Therefore, this variability may be linked directly to uncertainties on the magnetic properties of these samples. Moreover, and as those samples have been issued from a production chain, variability could be introduced by the manufacturing process.
Iron losses for SL group are reported in Fig. 3 . It is shown that they are very close. Moreover, Cv for all the considered level of are less than 1%, which means that variability of SL samples is not significant. The quantified variability can be linked mainly to noise in measurements. Moreover, as these samples were manufactured especially for this study, the manufacturing process is well controlled (laser cut lamination).
This experience confirms also that the noise measurement and the manual winding introduced a very low variability. 
C. Average Iron Losses
In order to investigate the magnetic performance of both groups, their iron losses average, for each level, have been compared.
It has been realized by averaging, for each group, the iron losses for each level of the excitation field . It was then found that iron losses for SS group are higher than for SL group (Fig. 5 ), especially for the higher level of (2500 A/m), where the disparity is about 14%. Therefore, it can be concluded that the SL group is more efficient from iron loss point of view.
III. LOSS SEPARATION TECHNIQUES ON SS GROUP

A. Iron Loss Separation Approach
In order to investigate the origin of the variability for the SS group, the loss separation technique is applied. According to the phenomenological principle proposed by Bertotti [8] , the so-called loss separation approach, the average power losses per unit volume P can be decomposed into three components: (2) where are the quasi-static hysteresis losses, are the classical losses (macroscopic eddy currents) and are the excess losses (dynamic behavior of the magnetic domains) [10] . Analytical models have been proposed to investigate these components that require the identification of parameters. These are dependant on the chemical and physical characteristics of the considered material [9] - [11] . Therefore, for a sinusoidal supply, the static losses can be approximated by the following well known equation proposed by Steinmetz [12] , where is the peak value of the magnetic flux density, f the frequency and the Steinmetz coefficient:
Classical losses, assuming the skin effect as negligible, can be obtained from: (4) Excess losses can be evaluated by the following equation: (5) In order to identify the parameters , the iron losses have to be determined for several magnetic flux densities and frequencies, and used to minimize the function: (6) where is the measured iron losses, n the number of experimental data and the predicted iron losses. In our case, the characterization has been realized for 5 levels of (sinusoidal induction) and different values of the frequency (5 Hz to 200 Hz). It has been assumed that only static behavior, i.e. hysteresis losses, is involved at 5 Hz. Coefficients , , and were identified for each stator sample of the SS group. The static and dynamic components are then calculated, and eventually their variability among the samples, especially at 50 Hz.
B. Iron Losses Components Variability
As mentioned above, parameters have been identified for each SS sample, for the whole frequencies and levels. Empirical mean and standard deviation Sd for these parameters are reported in Table I , as well as their Cv. We have then assumed that dynamic losses are the contribution of and . It can be noticed from this table that the variabilities of dynamic losses component parameters and Table II . It can be observed that the correlation between parameters and is significant and follows a linear negative law. For a given frequency and level of induction, the corresponding losses will follow the same correlation law.
Then, as the global dynamic losses can be written as the sum of classical and excess losses, this dynamic component has a lower variability than or . In fact, according to the property of the variance (the square root of the standard deviation Sd), when considering two dependant random variables with a negative linear correlation, the variance of their sum is lower. From Table II , we can conclude also that correlation between static losses and dynamic losses is very small. Iron losses components , and have been then estimated according to those identified parameters and from relations given in (3), (4) and (5), for each sample, at the frequency of 50 Hz.
The Cv of static and dynamic losses, for each level has been calculated according to the relation (1), and presented in Fig. 6 . According to this figure, Cv of static losses is more significant compared to the Cv of dynamic losses, for all levels. These variabilities may suppose the introduction of additional constraints during the enrolling of the laminations, which affect mainly the static losses, and much less the dynamic losses mainly related to the conductivity.
IV. CONCLUSION
Influence of the manufacturing processes on the iron losses has been investigated in this paper. Statistical approach was implemented from observations on two groups of stator samples at a frequency of 50 Hz, and several levels of maximum excitation fields . It has been shown that variability of SS samples is more significant compared to SL samples. Loss separation techniques applied on these samples have shown that the variability of their static components is more significant compared with the one of their dynamic component. In the future, a stochastic model will be developed in order to take into account the variability of identified parameters related to each component, and thus the iron losses variability among SS samples.
